Introduction
The number of older people with anxiety and depression is increasing as our society ages, and the treatment for these disorders continues to attract attention (Diefenbach and Goethe, 2006) . Appetite loss is a characteristic of older Psychoneuroendocrinology (2013 Psychoneuroendocrinology ( ) 38, 2051 Psychoneuroendocrinology ( -2064 
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people and can result in increased morbidity and progressive physical disability (Rowe and Kahn, 1987; Seeman and Robbins, 1994) . Various factors contribute to decreased food intake among the older people, and psychological factors resulting from responses to social and environmental changes are especially important (Donini et al., 2003; Hughes et al., 2004) . Late-life events such as interpersonal loss and bereavement particularly appear to be associated with the onset and relapse of depression (Lenze et al., 2001) . Thus, the combination of anxiety and aging are major factors regulating food intake.
The neural mechanisms by which environmental change suppresses feeding behavior remain unclear. Activation of the brain corticotropin-releasing factor receptors (CRFRs) may influence appetite, gastrointestinal function, and emotional responses (Hotta et al., 1999; Zorrilla et al., 2003) . In addition to their major role in activating the hypothalamopituitary-adrenal (HPA) axis (Itoi et al., 2004) , CRFRs are involved in stress responses including anxiety and decreased food intake (Hotta et al., 1999) . Acute hypophagia upon exposure to a novel environment is due to CRF1R activation (Saegusa et al., 2011) . Food intake and anxiety are also regulated by other neurotransmitters, including serotonin (5-hydroxytryptamine, 5-HT), which is involved in emotional and feeding behaviors and other physiological responses. Acute 5-HT depletion acts to reduce anxiety such as increased latencies to approach food and decreased food intake in novelty-induced hypophagia (Bechtholt et al., 2007) .
Of the 5-HT receptor subtypes, 5-HT 2C R, which is localized on the proopiomelanocortin (POMC) neurons of the arcuate nucleus (ARC) and CRF neurons of the paraventricular nucleus (PVN), stimulates anxiety (Heisler et al., 2007b) and 5-HT 2C R activation increases anxiety-like behaviors (Gatch, 2003; de Mello Cruz et al., 2005) . In addition, 5-HT 2C R negatively regulates food intake (Dryden et al., 1996; Heisler et al., 2002; Hayashi et al., 2005; Nonogaki, 2008) . Recent studies have reported that 5-HT 2C R and CRF interact (HemrickLuecke and Evans, 2002; Saegusa et al., 2011) ; however, the participation of CRF and 5-HT 2C R during environmental changes of the aging animal remain unclear.
Decreased food intake in aging rodents has been confirmed by other groups and us (Toshinai et al., 2007; Takeda et al., 2010) ; however, no study has determined the influence of exposure to a novel environment on feeding behavior in aged animals. Evaluation of anxiogenic conditions in animal models is generally conducted by an open field test or examining feeding behaviors in novel environments such as an unfamiliar cage or an anxiogenic environment. Animals exhibiting novelty-induced inhibited feeding may be responsive to antidepressants, and the inhibition is determined by measuring feeding latency and/or the amount of food consumed in a novel environment (Dulawa and Hen, 2005; Bechtholt et al., 2007) . In the present study, we evaluated clinically recognized stress caused by environmental changes and social isolation by not only exposure to novel environment but also removing the animals from group housing and placing them in isolation. Therefore, animals can be used to clinically evaluate depression and anxiety. We hypothesized that decreased food intake in aged mice exposed to a novel environment occurs via a mechanism involving the serotonergic nervous system, specifically continuous 5-HT 2C R activation. To test our hypothesis, we subjected aged mice to a novelty hypophagia paradigm and examined the effect of a selective 5-HT 2C R antagonist and Japanese kampo medicine, rikkunshito (RKT) on these variables to clarify the association between decreased feeding behavior and 5-HT 2C R in aged mice after exposure to a novel environment. In addition, to clarify the mechanism of increased function in 5-HT 2C R, we investigated the change in the 5-HT 2C R mRNA expression in the hypothalamus.
Methods

Animals
Male C57BL/6J mice, aged 6 weeks (young mice; 22.8 AE 0.3 g BW) and 79-80 weeks (aged mice; 44.1 AE 0.6 g BW), were purchased from Charles River Laboratories Japan, Inc., Tokyo, Japan. We used mice before aging cachexia. Before the experiment, mice were acclimated in 5 mice per cage condition in a temperature and humidity-controlled room under a 12-h (07:00 h-19:00 h) light cycle and free access to food and water. The novelty-induced hypophagia test was modified from the methods described by Merali et al. (2004) and Bechtholt et al. (2007) . The mouse challenge test was performed by suddenly transferring group-housed mice (5 mice/cage; cage size W230 Â D310 Â H155 mm) to separate cages (1 mouse/cage; cage size W136 Â D208 Â H115 mm) to evaluate the suppression of feeding by exposure to a novel environment (i.e., isolation). Before beginning the experiments, control mice (home-cage mice) were housed in separate cages for 7 days. All experiments were performed between 09:00 h and 18:00 h. This study was approved by and conducted according to the guidelines of the experimental animal ethics committees of Tsumura & Co., Ibaraki, Japan (permit no.: 08-212).
2.2. Effect of exposure to novel environment on serum adrenocorticotropic hormone (ACTH) and corticosterone secretions and food intake
To determine ACTH and corticosterone levels, blood was collected via the carotid artery of each mouse during freely fed condition 24 h after exposure to the novel environment (n = 4-5). Samples were collected between 13:00 h and 15:00 h to avoid diurnal ACTH and corticosterone variations. Corticosterone levels were measured using the Corticosterone EIA Kit (Enzo Life Sciences., Plymouth Meeting, PA, USA), and ACTH levels were measured using the ACTH EIA Kit (Phoenix Pharmaceuticals Inc., Burlingame, CA, USA).
The effect of exposure to a novel environment on food intake were evaluated 6 and 24 h after isolation (n = 8-10). Food intake was defined as the difference between the weights of a standard chow (MF; Oriental Yeast Co., Ltd., Tokyo, Japan) before examination and that of the food recovered subsequent to the test session at each time point. Mice received ad libitum access to water during the experiments. Spilled food was collected, combined with the remaining food, and added to the total weight. Provisional food intake by group-housed mice was calculated to ensure that no differences were observed between group-housed and control mice, which were in separate cages for 7 days. Mean food intake by group-housed mice was determined by dividing food intake by the number of mice per cage (5 mice/cage).
Total RNA extraction and reverse transcription polymerase chain reaction (RT-PCR) analysis
The hypothalamus and pituitary gland were rapidly removed from each mouse in freely fed status 24 h after exposure to the novel environment (n = 5-13) and immediately frozen in a tube on dry ice. Isolated tissue homogenization and total RNA extraction were performed using the RNeasy Universal Tissue Kit (Qiagen, Valencia, CA, USA). Each sample was then diluted to 100 ng/mL. Diluted total RNA was incubated at 70 8C for 5 min and then cooled on ice. Total RNA (1000 ng) was reverse transcribed using the TaqMan Reverse Transcription Reagents Kit (Applied Biosystems, Foster City, CA, USA). Quantitative PCR assays were performed using TaqMan Universal PCR Master Mix (Applied Biosystems) on a Prism 7900HT Sequence Detection System (Applied Biosystems). mRNA expression was normalized using ribosomal protein S29 as an endogenous control to correct the differences in the amount of total RNA added for each reaction. Differences were expressed by the dCt (Ct, threshold cycle) value, i.e., dCt = 2
, where A and B are the number of cycles needed by the housekeeping and target genes, respectively, to reach the threshold. All oligonucleotide primers and fluorogenic probe sets for TaqMan real-time PCR were manufactured by Applied Biosystems (Rps29, Mm02342448_gH; Crh, Mm01293920_s1; Crhr1, Mm00432670_m1; Htr2c, Mm00434127_m1;
Npy, Mm00445771_m1; Agrp, Mm00475829_g1; Pomc, Mm00435874_m1). Primers and probe sets that were used to detect the CRF primary transcript (CRF hnRNA) were designed using the Custom TaqMan Assay Design Tool (Applied Biosystems). The sequence of the forward primer was GGAATGGAGACAGAGAAGGTTGTTC and that of the reverse primer was AGCTGTCGCACACCCTAATC.
Effects of SB242084 and RKT on food intake
To clarify the role of 5-HT 2C R on decreased food intake after a novel environmental change, we investigated the effects of 5-HT 2C R antagonists on food intake in isolated young and aged mice. The selective 5-HT 2C R antagonists SB242084 (6 mg/kg PO; Tocris Bioscience, Glasgow, UK) (Hayashi et al., 2005) and RKT (1000 mg/kg PO; Tsumura & Co., Tokyo, Japan) (Takeda et al., 2008) were administered to mice under ad libitum feeding conditions immediately after isolation (n = 5-8). Control animals were administered PO with distilled water in place of test drugs. Oral administration of SB242084 (6 mg/kg) to young and aged control mice (nonnovel environmental change) was performed to clarify the role of 5-HT 2C R on basal feeding behavior. To confirm the antagonistic actions of RKT on 5-HT 2C R activation, 1-(mchlorophenyl) piperazine (mCPP; Sigma-Aldrich, St. Louis, MO, USA) was administered to young (5 mg/kg IP) and aged mice (3 mg/kg IP) (Lee et al., 2004) , and RKT was simultaneously administered at a dosage of 1000 mg/kg PO. The food intake was determined as mentioned above. In addition, to clarify the changes in 5-HT 2C R function in aged mice, IP injection of mCPP at doses of 1, 3, or 5 mg/kg was administered to young and aged mice and the food intake was also determined 3 or 6 h after mCPP treatment.
2.5. Effects of SB242084 and RKT on serum stress hormone secretion and stress-and appetite-associated peptide mRNA expression
We also investigated the effect of SB242084 (6 mg/kg) and RKT (1000 mg/kg) on serum ACTH and corticosterone concentrations as well as hypothalamic or pituitary mRNA expression in control mice and those exposed to the novel environment. Each test drug was administered to the ad libitum fed mice, which were simultaneously isolated, and blood was collected 24 h after exposure to the novel environment. To investigate mRNA expression, the hypothalami and pituitary glands of 24-h fasted mice were collected 6 h after exposure to the novel environment.
In vitro assay for 5-HT 2C R
CHO-K1 cells stably transfected with a plasmid encoding the human 5-HT 2C R were used to prepare membranes in modified Tris-HCl buffer. A membrane protein was incubated with 1.0 nmol/mL [ 3 H]-mesulergine for 60 min at 25 8C. Non-specific binding was estimated in the presence of 1 mmol/L mianserin (Nippon Organon K.K., Osaka, Japan). The filters were then assayed for radioactivity to determine the amount of specifically bound [
3 H]-mesulergine (Wolf and Schutz, 1997) .
The antagonistic activity of compounds on human 5-HT 2C R expressed in transfected HEK-293 cells was determined by measuring their effects on agonist-induced IP 1 production using the HTRF detection method (Porter et al., 1999) . Cells were suspended in buffer [10 mM Hepes (pH 7.4)], plated in 96-well microplates at a density of 2 Â 10 4 cells/well, and preincubated for 5 min at room temperature in the presence of buffer (basal control) or the test compound. Thereafter, the reference agonist 5-HTwas added at a final concentration of 10 nM. Separate assay wells did not contain 5-HT for basal control measurements. After 30 min incubation at 37 8C, cells were lysed and the fluorescence acceptor (D2-labeled IP 1 ) and donor (anti-IP 1 antibody labeled with europium cryptate) were added. After 60 min incubation at room temperature, the fluorescence transfer was measured at l ex = 337 nm and l em = 620 and 665 nm. IP 1 concentration was determined by dividing the signal measured at 665 nm by that measured at 620 nm. Results are expressed as the percent inhibition of the control response to 10 nM 5-HT. A concentration-response curve was generated to calculate IC 50 values (Porter et al., 1999) .
In situ hybridization (ISH)
For ISH, paraffin-embedded blocks and sections of 3 or 4 mice brains in each age group were obtained from Genostaff, Inc. (Tokyo, Japan). The brains of young and aged mice that were exposed to the novel environment for 6 h in a freely fed state were dissected, fixed with Tissue Fixative (Genostaff, Cat. No. TSF-01), embedded in paraffin by a proprietary procedure, and sectioned at a thickness of 6 mm. For the ISH study, oligonucleotide RNA probes with a length corresponding to 654 base-pair fragments were designed from positions 117-830 of the mouse 5-HT 2C R cDNA (GenBank accession number NM_008312.4). Hybridization was performed under the contract of Genostaff. The RNA probes were labeled with digoxigenin (Roche Molecular Biochemicals, Mannheim, Germany) and hybridized at 60 8C for 16 h. The bound label was detected using nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP; Sigma-Aldrich), and the tissue sections were stained with Kernechtrot staining solution (Muto Pure Chemicals, Tokyo, Japan).
Statistical analyses
Statistical analyses of mean values of 2 groups were performed using the Student's t-test. Differences in multiple group mean values were assessed by two-way factorial analysis of variance (ANOVA) followed by the Bonferroni post hoc test. Data are presented as mean AE standard error for each group and P < 0.05 was considered statistically significant.
Results
Effect of exposure to novel environment on ACTH and corticosterone secretions and food intake
All observations pertaining to mice exposed to the novel environment were made 24 h after exposure. Serum ACTH levels in aged control mice were greater than those in young control mice. Exposure to the novel environment resulted in an approximately two-fold increase in serum ACTH levels in both young and aged mice (Table 1) . Two-way factorial ANOVA revealed that the effects of treatment [F(1, 16) = 40.02] and age [F(1, 16) = 36.03] were significant; however, no significant effect of treatment Â age was observed. At basal conditions, serum corticosterone levels in aged control mice tended to be higher than those in young control mice. Similar to the changes in serum ACTH levels, serum corticosterone levels in aged mice increased much more markedly than those in young mice after exposure to the novel environment (Table 1) . Two-way factorial ANOVA revealed that the effects of treatment [F(1, 13) = 11.93], age [F(1, 13) = 15.31], and treatment Â age [F(1, 13) = 11.15] were significant.
No significant difference in food intake was observed between the control groups (young, 5.3 AE 0.1 g/24 h; aged, 4.9 AE 0.3 g/24 h) 7 days after isolation and group-housed mice (young, 4.6 AE 0.2 g/24 h; aged, 4.5 AE 0.4 g/24 h). In young mice, food intake was only slightly decreased at 6 and 24 h after exposure to the novel environment (Table 2 ). In contrast, food intake in aged mice was markedly decreased after isolation. With regard to 6-h food intake, two-way factorial ANOVA revealed that the effects of treatment [F(1, 33) Data are presented as mean AE SEM (n = 4-5). * P < 0.05 vs. young mice. ** P < 0.01 vs. young mice. *** P < 0.001 vs. young mice. # P < 0.05 vs. age-matched control mice. ## P < 0.01 vs. age-matched control mice. ### P < 0.001 vs. age-matched control mice.
Effect of exposure to novel environment on stress-and appetite-associated peptide mRNA expression
To clarify the association between anxiety and feeding in mice exposed to the novel environment, we investigated the effect of 24-h exposure to the novel environment on the hypothalamic CRF system. In young mice, hypothalamic CRF mRNA and pituitary POMC mRNA did not change 24 h after exposure to the novel environment. In contrast, in aged mice, hypothalamic CRF mRNA and pituitary CRF1R mRNA significantly increased and pituitary POMC mRNA tended to increase after isolation (Table 3) . Next, we examined hypothalamic gene expression of appetite-regulating neuropeptides in young and aged mice with and without exposure to the novel environment. In the control condition, hypothalamic NPY and AGRP mRNA expression levels in aged mice were significantly lower compared with those in young mice, while POMC mRNA expression levels were comparable. Reduction in NPY and AGRP mRNA levels in aged mice was observed even after isolation (Table  3) .
3.3. Effect of SB242084 on food intake, serum stress hormone secretion, and stress-and appetite-associated peptide mRNA expression in aged mice exposed to novel environment
To clarify the role of 5-HT 2C R on decreased food intake after the novel environmental change, we investigated the effect of SB242084, a 5-HT 2C R antagonist, on food intake. As shown in Fig. 1A , oral administration of SB242084 at a dosage of 6 mg/kg to young mice did not affect basal food intake 3-24 h after the treatment. Similarly, differences in food intake between aged mice receiving SB242084 and those receiving only distilled water were not significantly different until 6 h after the treatment, although SB242084 slightly increased cumulative food intake after 24 h (Fig. 1B) . In contrast, after exposure to the novel environment, the administration of SB242084 significantly attenuated novelty-induced hypophagia in aged mice over the experimental period (Fig. 1B) .
5-HT 2C Rs are reportedly expressed in both CRF neurons in PVN (Heisler et al., 2007a) and POMC neurons in ARC (Xu et al., 2008) . To elucidate the role of these 5-HT 2C Rs in the hypothalamus in aged mice, the effects of SB242084 on the HPA axis and the expression of hypothalamic appetite-regulating peptides were investigated. After exposure to the novel environment, serum ACTH and corticosterone levels were significantly increased, and the administration of SB242084 attenuated these responses ( Fig. 2A and B) . Hypothalamic CRF mRNA expression was significantly increased in SB242084-treated mice compared with that in distilled water-treated and isolated mice (distilled watertreated, 1.00 AE 0.06; SB242084-treated, 1.41 AE 0.09; P < 0.01; data not shown in figures and tables). A similar change was observed in hypothalamic CRF hnRNA expression (distilled water-treated, 1.00 AE 0.07; SB242084-treated, 1.42 AE 0.10; P < 0.01; data not shown in figures and tables). Neither pituitary CRF1R nor POMC mRNA expression was altered by SB242084 treatment (CRF1R: distilled water-treated, 1.00 AE 0.06; SB242084-treated, 1.00 AE 0.12; P = 0.98; POMC: distilled water-treated, 1.00 AE 0.12; SB242084-treated, 1.10 AE 0.11; P = 0.55; data not shown in figures and tables).
In aged control mice, the administration of SB242084 (6 mg/kg PO) failed to affect basal serum corticosterone levels but suppressed basal hypothalamic CRF gene expression (Supplemental Figures S2, S3) .
Hypothalamic NPY and AGRP but not POMC mRNA expression levels were significantly increased after the administration of SB242084 in aged mice (Fig. 2C-E) .
3.4. Effect of RKT on food intake, serum stress hormone secretion, and stress-and appetiteassociated peptide mRNA expression in aged mice exposed to novel environment It has been demonstrated that RKT has a 5-HT 2C R antagonistic-like action both in vivo and in vitro (Takeda et al., 2008; Fujitsuka et al., 2009; Yakabi et al., 2010a,b) . Therefore, we investigated the possibility that similar to SB242084, RKT would inhibit reduction in food intake in aged mice after environmental changes and found that this was indeed the case (Fig. 3A) . Following this, to confirm whether RKTwould Exhibit 5-H T 2C R antagonism in vivo, RKT was administered PO to mCPP-treated young (Fig. 3B ) and aged mice (Fig. 3C) . The results show that RKT completely inhibited decreased food intake in aged mice 3 and 6 h after mCPP injection. Next, we reconfirmed the in vitro action of various components included in RKT on 5-HT 2C R binding and signal transduction. Table 4 shows the 5-HT 2C R-binding inhibitory and cellular 5-HT 2C R activities of the crude drug components contained in RKT. Among 36 types of RKT components assayed, glycycoumarin, isoliquiritigenin, and 8-shogaol showed IC 50 values of 17.1, 7.5, and 16.5 mmol/L, respectively, on binding between [ 3 H] mesulergine and 5-HT 2C R and 7.7, 5.5, and 36.9 mmol/L, respectively, on IP 1 production when the cells were stimulated by 5-HT. Although not shown in Table 4 , SB242084 as a positive control showed an IC 50 value of 0.8 and 3.9 nmol/L, respectively, in the binding and IP 1 production assays.
Oral administration of RKT significantly attenuated the novelty-induced increases in serum ACTH and corticosterone levels in aged mice exposed to the novel environment ( Fig. 4A  and B) . However, RKT treatment did not affect serum corticosterone levels in aged control mice (Supplemental Materials 3). Similar to SB242084, RKT treatment tended to increase hypothalamic CRF mRNA expression in aged mice 6 h after exposure to the novel environment (distilled water-treated, 1.00 AE 0.06; RKT-treated, 1.24 AE 0.16; P = 0.19). Pituitary expression of CRF1R and POMC was not affected (CRF1R: distilled water-treated, 1.00 AE 0.06; RKT-treated, 0.89 AE 0.11; P = 0.38; POMC: distilled water-treated, 1.00 AE 0.12; RKT-treated, 0.96 AE 0.13; P = 0.80). Pituitary CRF1R, POMC, and hypothalamic CRF mRNA expression in aged control mice was not altered by RKT treatment (Supplemental Materials 2). Moreover, a concomitant increase in NPY and AGRP mRNA expression was observed in RKT-administered aged mice exposed to the novel environment ( Fig. 4C and D) . Hypothalamic POMC mRNA in aged mice after the novel environmental change was not altered by the administration of RKT (Fig. 4E) .
Effects of mCPP on food intake in young and aged mice
We hypothesized that the beneficial effect of 5-HT 2C R antagonism on food intake and stress hormones in aged mice exposed to the novel environmental change may be mediated by the increased functioning of 5-HT 2C R. Therefore, we compared the influence of 5-HT 2C R activation on food intake in young and aged mice using mCPP as a 5-HT 2C R agonist. As depicted in Fig. 5A and B, mCPP at a dosage of 5 mg/kg (IP) significantly inhibited both 3-and 6-h cumulative food intake in both young and aged mice, whereas much lower doses of Effect of serotonin 2C receptor antagonist on food intake in young and aged mice; SB242084 (6 mg/kg PO) was administered to (A) young and (B) aged mice, and cumulative food intake was measured 3, 6, and 24 h after the drug treatment or isolation. Data are presented as mean AE SEM (n = 5-8). # P < 0.05, ### P < 0.001 vs. distilled water-treated aged control group; *** mCPP (1 or 3 mg/kg) failed to suppress food intake only in young mice.
3.6. Changes in 5-HT 2C R mRNA expression after exposure to novel environment
Because we observed a higher response to 5-HT 2C R antagonist and agonist in aged mice than that in young mice (Figs. 1 and 5), we hypothesized that the expression of 5-HT 2C R mRNA in PVN would be upregulated after isolation stress in aged mice.
RT-PCR analysis revealed that 5-HT 2C R mRNA expression was not altered after exposure to the novel environment in young mice. In aged mice, however, hypothalamic 5-HT 2C R mRNA expression was significantly increased after novelty stress (Fig. 6A) . To further confirm the upregulation of 5-HT 2C R mRNA expression in the hypothalamus of stress-loaded aged mice, we performed ISH in the hypothalamic PVN of both young and aged mice. DW: distilled water; # P < 0.05 vs. control group; * P < 0.05, *** mice was comparable with that in PVN of young mice (Fig. 6B) . Although novelty stress did not cause alteration in the number of 5-HT 2C R mRNA-positive cells in young mice, this number was significantly increased in aged mice (Fig. 6C ). These data confirm the expression patterns of 5-HT 2C R mRNA detected by RT-PCR.
Discussion
In the present study, we found that exposure to a novel environment caused long-term stress hormone secretion and marked suppression of food intake in aged mice. This phenomenon can be mainly explained by the functional upregulation of 5-HT 2C R by the hypothalamus, specifically in the CRF neurons of PVN in stress-loaded aged mice. First, the administration of selective 5-HT 2C R antagonists markedly inhibited the suppression of food intake and hyperactivation of the HPA axis in aged mice exposed to the novel environment. Second, the administration of lower doses of a 5-HT 2C R agonist induced a significant reduction in food intake in aged mice but not in young mice. Finally, the isolation procedure caused an increase in hypothalamic 5-HT 2C R mRNA expression level in aged mice but not in young mice. From the above findings, we conclude that hypothalamic 5-HT 2C R plays a fundamental role in the regulation of food intake in aged mice under stress. It is widely known that 5-HT 2C R activation induces anxiety-like behavior and appetite suppression in young mice (Dryden et al., 1996; Gatch, 2003; Hayashi et al., 2005; Halford et al., 2007; Nonogaki, 2008) . However, no study has been conducted to elucidate the role of 5-HT 2C R under anxiogenic conditions in aged animals. In the present study, the administration of a selective 5-HT 2C R antagonist (SB242084), at a dose of 6 mg/kg that had no effect on food intake and stress hormone levels in young mice (Fig. 1A,  Supplemental Figures S3, S4) , significantly suppressed both long-term decrease in food intake and increase in stress hormone levels in aged mice exposed to the novel environment. The SB242084 dosage level of 6 mg/kg used in this # P < 0.05, ## P < 0.01, ### P < 0.001 vs. distilled water-treated aged control mice (A) or saline and distilled water-treated control mice (B, C); * P < 0.05, ** P < 0.01, *** P < 0.001 vs. distilled water-treated aged isolated mice (A) or mCPP and distilled water-treated control mice (B, C). study was similar to that required to antagonize the hypophagic response induced by mCPP in previous reports (Kennett et al., 1997) , and it is not very different from the dosage of 0.1-3.0 mg/kg (IP) administered to evaluate anxiety (Martin et al., 2002) . Because there was no effect of the SB242084 dosage level of 6 mg/kg on food intake in young control mice, we conclude that the administration of the 5-HT 2C R antagonist did not directly increase food intake in aged mice but rather inhibited the decrease in food intake by lowering the anxiety or stress response accompanying the novel environmental change. Previous reports have noted that RKT exerts an antagonistic effect against 5-HT 2C R in vivo (Takeda et al., 2008; Fujitsuka et al., 2009; Yakabi et al., 2010a,b) . Moreover, we have shown that RKT functions as an in vitro 5-HT 2C R inhibitor, possibly because of its constituents, which include Effect of rikkunshito (RKT) on stress hormone secretion and mRNA expression in aged mice exposed to novel environment; RKT (1000 mg/kg PO) was administered to aged mice immediately after exposure to the novel environment. Blood and hypothalamus were collected 24 or 6 h after isolation, respectively. (A) Serum adrenocorticotropic hormone (ACTH) and (B) corticosterone levels. (C) Hypothalamic mRNA expression of NPY, (D) AGRP, and (E) POMC. Data are presented as mean AE SEM (n = 5-8). DW: distilled water; # P < 0.05, ## P < 0.01 vs. control group; * P < 0.05, ** P < 0.01 vs. DW-treated isolated group.
glycycoumarin, isoliquiritigenin, and 8-shogaol (Takeda et al., 2008) . Therefore, in this study, we tested whether RKT has the same effect as SB242084 on novelty-induced hypophagia in aged mice. We found that RKT attenuated not only HPA axis activation but also continuous decrease in food intake induced by exposure to the novel environment; this paralleled with the results obtained with SB242084. The present results also indicate that the administration of RKT inhibited mCPP-induced hypophagia in both young and aged mice, which is in agreement with previous findings (Yakabi et al., 2010a) . Moreover, our in vitro cell functional assay indicated that certain constituents of RKT, including glycycoumarin, isoliquiritigenin, and 8-shogaol, exert inhibitory effects on cell signal transduction pathways involving 5-HT 2C R. IC 50 values of the abovementioned components were 7.7, 5.5, and 36.9 mmol/L, respectively, and these values are very close to Ki values obtained by the receptor-binding assay (Takeda et al., 2008) . These findings support the idea that RKT exerts an antagonizing effect on 5-HT 2C R in stress-loaded aged mice. Next, we compared the influences of 5-HT 2C R activation on food intake in young and aged mice. Administration of the 5-HT 2C R agonist mCPP at a dosage of 5 mg/kg significantly inhibited both 3-and 6-h cumulative food intake in both young and aged mice, whereas much lower doses of mCPP (1 or 3 mg/kg) failed to suppress food intake only in young mice (Fig. 5A and B) . These findings suggest that enhancement of the signal transduction pathway of 5-HT 2C R may occur in the brain of aged mice. This is analogous with our previous finding that decreased food intake in stress-loaded mice could be induced by lower dosages of the 5-HT 2C R agonist mCPP than those in non-stressed mice (Saegusa et al., 2011) .
Although 5-HT 2C R is widely distributed in the brain, it is highly likely that the site of action of these two 5-HT 2C R antagonists is the CRF neuron-rich PVN because SB242084 markedly suppressed stress hormone release and decreased food intake after isolation. We found that an ICV injection of mCPP (50 mg/mouse) elevated serum corticosterone levels in young mice, as shown in Supplemental Materials ( Figure S1 ). This is in agreement with a previous report that serum corticosterone levels were increased by mCPP administration and significantly suppressed by SB242084 (Hemrick-Luecke and Evans, 2002) . Furthermore, a recent study has revealed that 5-HT 2C R is expressed in CRF neurons in PVN and that the 5-HT 2C R agonist activates these neurons, leading to ACTH release (Heisler et al., 2007a) leads to the activation of the HPA axis observed in aged mice after novelty stress. Our quantitative RT-PCR analysis revealed a significant increase in 5-HT 2C R gene expression in the hypothalamus of aged mice 24 h after exposure to a novel environment. To further confirm this observation, we performed ISH for 5-HT 2C R mRNA in young and aged mice with or without stress. We found that novel environmental stress caused a signifi- cant increase in 5-HT 2C R mRNA expression in PVN only in aged mice, suggesting that a novel environmental change may enhance 5-HT 2C R signaling in PVN in aged mice. This observation is consistent with our conclusion based on the results of a pharmacological approach. In contrast, novel environmental stress did not cause any significant change in 5-HT 2C R mRNA expression in other hypothalamic regions, including ARC, where appetite-regulating NPY/AGRP neurons and POMC neurons are located (data not shown).
It is plausible to consider that an increase in 5-HT 2C R mRNA in PVN may be the primary mechanism underlying 5-HT 2C R hyperfunction in aged mice. Nevertheless, there may be other possibilities: an increase in synaptic 5-HT concentration, an increase in receptor numbers and/or their affinity for 5-HT, decreased receptor desensitization and/or downregulation, and changes in intracellular signal transduction systems. In aged rodents, 5-HT concentration is reportedly increased by the inhibition of 5-HT turnover in the brain due to the environmental change compared with young rodents (Miura et al., 2002) . Although we did not measure 5-HT concentration in the present study, an increase in 5-HT concentration at the 5-HT 2C R synaptic cleft in the brain of aged mice after exposure to a novel environment may play a role in 5-HT 2C R activation. As with other G protein-coupled receptors (GPCRs), functioning of 5-HT 2C R is fine-tuned by desensitization or internalization, which can be induced by GPCR kinases and arrestins (Van Oekelen et al., 2003) . Therefore, 5-HT 2C R signal transduction may be enhanced by changes in receptor desensitization and/or internalization in stressed aged mice. Moreover, 5-HT 2C R is currently the only known GPCR in which pre-mRNA can be subject to RNA editing, resulting in alteration in its function (Burns et al., 1997) . Whether these mechanisms are involved in the functional upregulation of 5-HT 2C R in stress-loaded aged mice remains to be determined.
In our study, the administration of 5-HT 2C R antagonists significantly inhibited stress hormone secretion in aged and stressed mice. Therefore, it was expected that the blockade of 5-HT 2C R would inhibit hypothalamic CRF, pituitary POMC, and CRF1R gene expression, all of which increased continuously up to 24 h after novel environmental changes were introduced in aged mice. However, contrary to our expectations, the administration of SB242084 or RKT in aged and stressed mice increased hypothalamic CRF mRNA, albeit it significantly decreased plasma ACTH and corticosterone levels. Although the exact reason for these unexpected increases in hypothalamic CRF mRNA after the administration of SB242084 and RKT is currently unknown, this suggests that stress hormone reduction and improved food intake due to 5-HT 2C R antagonism cannot simply be explained by the inhibition of hypothalamic CRF and pituitary POMC synthesis. Considering that there is a time lag between stress hormone secretion and hypothalamic CRF or pituitary POMC gene expression, the timing of sample collection should be verified in more detail.
Apart from CRF neurons in PVN, 5-HT 2C R is also found in POMC neurons in ARC, and it is believed to induce depolarization and increased POMC gene expression (Heisler et al., 2002) , leading to the release of a-melanocyte-stimulating hormone (a-MSH). a-MSH binds to MC4R in CRF neurons in PVN and orexin neurons in lateral hypothalamic area, strongly suppressing appetite (Elmquist, 2001) . On the other hand, NPY/AGRP is the best characterized and probably the most important peptide involved in stimulating food intake (Halford et al., 2007; Nonogaki, 2008) via either NPY Y1 receptor activation or antagonism of a-MSH to MC4R. Thus, feeding behavior is regulated by the balance of activity among these excitatory and inhibitory appetite regulation pathways (Tecott, 2007) . In the present study, neither novelty stress per se nor 5-HT 2C R antagonism by SB242084 or RKT caused significant changes in hypothalamic POMC gene expression level. In contrast, the administration of SB242084 and RKT enhanced NPY/AgRP mRNA expression in aged mice after isolation stress. These findings suggest that in both young and aged mice, 5-HT 2C R in POMC neurons in ARC peaks at the acute phase (e.g., approximately 3 h; Saegusa et al., 2011) after the introduction of stress and that it plays only a small role in sustained decrease in food intake in aged mice. Alternatively, it is also possible that in aged mice, POMC neuron dominance in ARC stimulates CRF neurons in PVN through increased a-MSH secretion (Tachibana et al., 2007) . Pharmacologically, 5-HT 2C R antagonism may reduce the excessive release of stress hormones and counteract reduced food intake by normalizing the balance between AgRP and POMC.
Besides PVN and ARC, the limbic system (including the amygdala) is another important brain region related to stress and food intake. Among the various regions of the limbic system, the amygdala is considered to be a key region to the perception of anxiety and fear, and it is also where 5-HT 2C R and CRFR are abundantly expressed (Swanson et al., 1983; Pompeiano et al., 1994) . Our preliminary studies showed that 5-HT 2C R mRNA expression tended to increase in the amygdala in stress-loaded aged mice, although the results were not statistically significant (the number of positive cells in the amygdala was 85 AE 16.1 and 135 AE 18.4 in control aged and stressed aged mice, respectively; P = 0.087, data not shown). This result suggests the possible involvement of the amygdala in novelty-induced hypophagia. Further studies are required to clarify the role of the limbic system in stress-related alteration in food intake.
In conclusion, exposure of aged mice to a novel environment leads to a sustained decrease in food intake and increase in stress hormone levels via 5-HT 2C R activation. 5-HT 2C R antagonists such as SB242084 and RKT showed an ameliorative effect on reduction in food intake and secretion of stress hormones. These findings indicate that excessive 5-HT 2C R stimulation is deeply involved in novelty-induced hypophagia in aged mice.
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